Abstract-Prior to the implementation of any new technology, possible environmental and health repercussions first must be researched. Fullerenes are to be produced soon on an industrial scale, with applications quickly following. To investigate the possible environmental impact of fullerenes, a C 60 -water suspension (nano-C 60 ) was synthesized and then evaluated for cell-association and toxicity, using the bacteria Escherichia coli and Bacillus subtilis as indicator species. In a defined low-salts medium, nano-C 60 associated with both the Gram-negative E. coli and the Gram-positive B. subtilis, albeit more strongly with the former. Nano-C 60 also displayed antimicrobial properties against both E. coli and B. subtilis, with minimal inhibitory concentrations of 0.5 to 1 mg/ L and 1.5 to 3.0 mg/L, respectively. Media with higher salt contents result in the nano-C 60 particles aggregating and falling out of suspension; thus, higher salt solutions reduced or eliminated the antimicrobial properties of nano-C 60 .
INTRODUCTION
The discovery of fullerenes in 1985 and the development of a method for their mass production in 1990 has given rise to the expansive field of fullerene research [1, 2] . These carbon compounds possess unique properties attributable to their caged structure and polyaromaticity. Their displaced electron cloud allows fullerenes to act as charge transfer complexes, and they are photosensitive, producing singlet oxygen species upon exposure to light [3, 4] . It also is possible to dope fullerenes (or trap molecules), particularly metals, within these carbon cages [5] . These fullerene transition metal complexes are very reactive, with the potential to serve as catalysts [6, 7] . The flexibility of fullerenes makes them an attractive class of compounds for industrial, medical, and environmental applications.
In biological systems, fullerene research has been hindered by the compound's relative insolubility in water (Ͻ10 Ϫ9 mg/ L) [8] . To overcome this obstacle, fullerenes can be derivatized, which can not only affect their solubility, but also can tailor the properties of the compound for a desired purpose [9] . A number of fullerene derivatives have been designed with medical applications in mind [10] [11] [12] [13] [14] . Some of these papers have commented on the toxicity of C 60 derivatives, with conflicting results, reflecting how the properties of the fullerene compound depends on the specific derivative [15] [16] [17] . Other fullerenes have shown the capability to effect oxygen radical damage on cells. One fullerene derivative caused lipid peroxidation [18] ; another derivative was able to effect DNA cleavage [19] .
Other methods besides derivatization introduce C 60 into aqueous solutions. Some methods involve coating C 60 with a surfactant, such as polyvinylpyrrilodone, or with a complexing agent like cyclodextrin, which stabilizes the C 60 molecule in * To whom correspondence may be addressed (dlyon@rice.edu).
water [20, 21] . The C 60 molecules also can aggregate, forming particles in a stable suspension referred to in this paper as nano-C 60 [22] [23] [24] . An aqueous colloidal suspension can be formed by the oxidation of (n ϭ 1,2) in water [25] . NanonϪ C 60 C 60 also can be formed by transitioning from an organic solvent-like toluene or benzene to progressively more polar solvents [23, 26, 27] . Although the above methods require some preparation, nano-C 60 can be formed simply by extensive stirring of pristine C 60 in water [28] .
The properties of nano-C 60 differ from those of pristine C 60 [29] . Nano-C 60 is crystalline, and the particles, which have a negative surface charge, vary in size from 10 nm to over 300 nm in diameter [30] . Nano-C 60 , which is a yellow suspension, has an ultraviolet/Vis spectrum that has absorption characteristics of both solid C 60 and C 60 dissolved in toluene. It is not possible to directly extract nano-C 60 from water into toluene, because it behaves as a stable nanoparticle suspension [23] .
The facility of the introduction of C 60 into water in the form of nano-C 60 raises questions regarding its environmental distribution and its exposure to organisms in aquatic systems. Its behavior in organisms and the environment will help determine procedures for the manufacture, use, and disposal of nano-C 60 in medical and industrial applications. This research investigates the potential environmental impact of nano-C 60 . We examine the interactions between nano-C 60 and two well-studied laboratory bacteria, specifically Escherichia coli DH5␣, a Gram-negative bacterium, and Bacillus subtilis, a Gram-positive bacterium.
MATERIALS AND METHODS

Preparation of nano-C 60 and other fullerenes
The C 60 (Ͼ99.5% pure) and C 60 (OH) [22] [23] [24] [25] [26] were purchased from SES Research (Houston, TX, USA) or MER Corporation (Tucson, AZ, USA). Nano-C 60 was produced by adapting a method from Deguchi et al. [23] . Twenty-five milligrams of C 60 were dissolved per liter of tetrahydrofuran (certified spectra-analyzed, Fisher Scientific, Houston, TX, USA). The solution was sparged with nitrogen and stirred overnight in the dark. The solution was filtered through a 0.22-m nylon Osmonics filter (Fisher Scientific) to remove undissolved C 60 . If the solution was to be stored for more than 6 h, it first was sparged with nitrogen for 15 min before storage in the dark. Milli-Q (Millipore, Billerica, MA, USA) water was added to an equal volume of vigorously stirred C 60 in tetrahydrofuran at a rate of 1 L/min. The tetrahydrofuran was evaporated using a Büchi Rotavapor (Büchi Labortechnik AG, Flawil, Switzerland) with the solution being heated to 70ЊC. A 1-L mixture was evaporated to 450 ml three times, with the volume being adjusted each time to 550 ml with Milli-Q water, and the last adjustment giving a final volume of 500 ml. This final suspension of nano-C 60 was stored overnight before being filtered through a 0.22-m nylon filter. If further concentration of nano-C 60 was needed, it was performed using the Rotavapor.
Characterizing nano-C 60 particles
Particle size was determined using a Brookhaven Instrument Corporation (Holtsville, NY, USA) dynamic light-scattering device and by electron microscopy (courtesy of J. Tao, Rice University, Houston, TX, USA). The concentration of nano-C 60 was determined microgravimetrically, by ultraviolet/ Vis absorption using a Cary spectrophotometer (Varian, Palo Alto, CA, USA) at 347 nm and by extracting the C 60 from suspension and analyzing it by high-performance liquid chromatography. The extraction was performed by adding 1 ml of 100 mM magnesium perchlorate and 2 ml of toluene to a 2-ml nano-C 60 suspension. The vial was sealed with a Tefloncoated butyl rubber stopper, and the mixture was stirred for at least 6 h. The vial then was placed in a Ϫ20ЊC freezer, the aqueous phase was allowed to freeze, and the toluene was removed for analysis. The toluene with nano-C 60 was analyzed on a Cosmosil PYE (SES Research, Houston, TX, USA) column (4.6 ϫ 250 mm) with 1 ml/min toluene flow on a Waters 600E high-performance liquid chromatography (Milford, MA, USA). The nano-C 60 was detected using a photodiode array detection system at 336 nm at 5.6 min.
Growth media
Cultures were maintained on Luria-Bertani (LB) plates and in LB broth, where indicated. Minimal Davis (MD) medium was made by reducing the potassium phosphate concentration of Davis media by 90% [31] . The medium was made anaerobic by heating while sparging with N 2 ; the medium then was aliquoted into nitrogen-flushed Balch tubes, which subsequently were sealed with butyl rubber stoppers. Potassium nitrate (0.2%) was added as an electron acceptor. To block out light, the tubes were wrapped in aluminum foil. Growth was quantified by measuring optical density at 600 nm (OD 600 ) using a Turner SP-830 spectrophotometer (Barnstead, Dubuque, IA, USA).
Association of nano-C 60 with bacteria
To determine the amount of nano-C 60 that would adhere to bacteria, cells were grown overnight in 250 ml of LB, harvested by centrifugation, and washed twice with 250 ml of Milli-Q water to remove residual salts. Three grams of cells (wet wt) were resuspended in 500 ml of nano-C 60 (4.8 mg/L) and shaken at 37ЊC for 3 h. The cells were harvested by centrifugation at 3,000 g and resuspended in 200 ml of water; 25 ml of the suspension was filtered through a 0.45-m mixture of cellulose acetate and cellulose nitrate membrane (Fisher Scientific). The cells were washed on the membrane with another 50 ml of Milli-Q water, dried at 70ЊC overnight, and weighed. The C 60 was extracted from cells by resuspending the cells in 2 ml of water, following the nano-C 60 extraction method for the high-performance liquid chromatography (see Characterizing nano-C 60 particles section).
A separate experiment was performed to determine if nano-C 60 would adhere to bacterial cells and thus be removed from suspension. Varying amounts of cells in stationary phase were added to nano-C 60 in water and incubated for 10 min. The cells were removed from the nano-C 60 by filtration with a 0.45-m mixture of cellulose acetate and cellulose nitrate membrane, and the ultraviolet/Vis spectrum of the nano-C 60 filtrate was examined and compared to the original spectrum.
Measuring toxicity of nano-C 60
Cells were grown aerobically overnight in MD medium, and 50 l were used to inoculate 10 ml of MD in tubes containing varying levels of fullerenes. The tubes were incubated for up to one week, and the OD 600 was measured to ascertain growth. Microtox studies to calculate a median effective concentration (EC50) were performed by AquaTox Research (Syracuse, NY, USA). The Microtox protocol involves measuring the fluorescence of Vibrio fischeri that are suspended in a 0.01% NaCl solution. The concentration of nano-C 60 at which 50% of the luminescence is lost is considered the EC50. Measurements of the minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) were performed using Clinical and Laboratory Standards Institute (CLSI, formerly NCCLS) methodology, and the direct bactericidal assay was performed as described by Tsao et al. [32] . The MIC experiment consisted of noting the concentration of nano-C 60 that resulted in an absence of growth in the tubes described above. The media from these tubes then were plated on LB plates, and the colony forming units (CFU)/ml were calculated. The level of nano-C 60 that resulted in 0.1% of the original CFU/ml was considered the MBC. The direct bactericidal assay involved incubating bacteria with nano-C 60 for up to 3 h, plating the bacteria on LB plates, and calculating the CFU/ ml. Besides nano-C 60 , C 60 (OH) [22] [23] [24] [25] [26] also was investigated to determine if this water-soluble fullerene derivative had similar effects. Negative controls containing solid C 60 instead of nano-C 60 were made by dissolving C 60 in toluene, aliquoting it into test tubes at the same concentrations as the nano-C 60 , and evaporating the toluene. These tubes were autoclaved before the addition of media, and they then were inoculated with overnight bacterial cultures, as done for the tubes containing nano-C 60 . Toluene without C 60 acted as a positive control.
Studies measuring CO 2 production were performed using a Columbus Instruments (Columbus, OH, USA) respirometer. Ten 200-ml Wheaton bottles stirred with 100 ml of MD were inoculated with overnight bacterial cultures. After a few hours, varying concentrations of nano-C 60 were added. Data on CO 2 production and O 2 usage were collected over several days.
RESULTS
Nano-C 60 behavior in media
The primary concern in working with nano-C 60 was finding a medium that would allow for rapid bacterial growth while Table 1 ). The higher the salt concentration, the larger the particle size range. Davis medium is a defined medium with no protein content. The potassium phosphate concentration of Davis medium affected particle size, as shown in Figure 1 , so the lowest possible concentration was chosen. This low concentration, 10% of that called for in the Davis medium recipe, was used to make the MD medium for the experiments in which maintaining the original particle size of the nano-C 60 was important.
Association of nano-C 60 with bacterial cells
In experiments evaluating nano-C 60 association with bacterial cells, E. coli that were incubated with 4.8-mg/L nano-C 60 and then washed, retained 155 to 342 ng C 60 /g of dry cell mass. Bacillus subtilis retained 21 to 41 ng C 60 /g of dry cell mass. All experiments were performed twice in triplicate, and the values were averaged. To assess if association of nano-C 60 to the biomass effectively removed the nano-C 60 particles from suspension, bacteria were filtered out of a 2.33 mg/L nano-C 60 suspension, and the suspension was examined to see how much nano-C 60 remained. A slight decrease occurred in the nano-C 60 concentration after B. subtilis had been filtered out (Fig. 2) . About 12% of the nano-C 60 was removed from suspension at the highest bacterial concentration, but the highest amount removed per OD 600 unit of bacteria was at the lowest bacterial concentration, with around 0.16 mg/L per OD 600 unit of bacteria. For E. coli, there was a marked decrease in the amount of nano-C 60 remaining in suspension after incubation (Fig. 2) . At the highest bacterial concentration, close to 50% of the original nano-C 60 in suspension had been removed. The highest amount removed per OD 600 unit of bacteria was around 0.36 mg/L per OD 600 unit of bacteria. Results shown reflect one experiment. Unfortunately, scanning electron microscopy and environmental scanning electron microscopy examination of the bacteria were unable to resolve any cell-particle association.
Toxicity of nano-C 60 to bacteria
In media shown to increase the size of nano-C 60 particles, like LB, nano-C 60 had no effect on the growth of either E. coli or B. subtilis (Table 2) . Similarly, in anaerobic Davis medium containing an additional 0.2% KNO 3 , the nano-C 60 particles settled out of suspension and growth was observed. In contrast, neither type of bacteria was able to grow in aerobic Davis medium. With MD, toxicity was observed for both bacterial species under both aerobic and anaerobic conditions in the presence or absence of light, which might have an impact if the photosensitivity of the nano-C 60 were an issue.
Several methods were used to analyze the toxicity of nano-C 60 . The metabolic activity of bacteria dosed with nano-C 60 while in exponential phase was monitored using a respirometer (Fig. 3) . The experiments were repeated five times, and the results shown are from one typical experiment. In comparison to controls where equivalent volumes of water were added, metabolic activity, as reflected by CO 2 production, decreased over time for both bacterial species when 4.8 mg/L nano-C 60 was added. Concentrations lower than 4.8 mg/L had a bacteriostatic effect on B. subtilis in that respiration continued, but no growth was observed. The addition of water or C 60 (OH) [22] [23] [24] [25] [26] did not impact B. subtilis. Concentrations lower than 4.8 mg/L of nano-C 60 , the addition of water, or the addition of C 60 (OH) [22] [23] [24] [25] [26] had little or no effect on the metabolic rates of E. coli. The direct bactericidal assay showed that, once exposed to 7.5 mg/L nano-C 60 for 1 h, bacterial cells were unable to grow (Fig. 4) . The results shown are for one experiment with B. subtilis, but they are typical of results for both bacteria. Calculations of CFU/ml remained constant or decreased when the cells were transferred to LB plates. The loss of CFU/ml indicated a decrease or loss of viable cells, indicating that nano-C 60 at this concentration was bacteriostatic or even bactericidal. Two methods were used to give a quantitative measurement of toxicity: MIC/MBC and EC50. The MIC of nano-C 60 for E. coli was found to be 0.5 to 1 mg/L, and the MBC was between 1.5 to 3 mg/L. For B. subtilis, the MIC was 1.5 to 3 mg/L and the MBC was 2 to 4 mg/L. External verification of toxicity was provided by Aquatox Research. Using V. fischeri, the EC50 for nano-C 60 was 1.08 mg/L.
DISCUSSION
The objective of this research is to examine potential interactions between pristine C 60 and the environment, specifically between nano-C 60 and bacteria meant to represent microbiota in the environment. The facile introduction of C 60 into water by stirring is surprising, given the extremely low solubility of individual C 60 molecules. The formation of the nano-C 60 suspension prompts the investigation of the effects of pristine C 60 on living systems. Even more surprising was the observed toxicity of nano-C 60 to bacteria, because the common conception was that pristine C 60 was a biologically inert material. Other papers have addressed nano-C 60 interactions with living systems [27, 29, 33] . In the nano-C 60 form, the question is raised of whether or not fullerenes are able to travel through water, spread through the water table, and interact intimately with living systems.
The research presented in this paper demonstrates that nano-C 60 is a bacteriostatic/bactericidal agent. The direct bactericidal assay is a measure of cell viability after exposure to nano-C 60 , as reflected by CFU/ml (Fig. 4) . Cells exposed to nano-C 60 at relatively high concentrations (7.5 mg/L) either cannot match the growth rates of the controls or exceed the control's rate of cell death. For E. coli, at 7.5 mg/L, cells did not match the growth rates of the control or the low-level nano-C 60 samples, and began to lose viability after 1 h (results not shown). The same effect was seen with B. subtilis, although all conditions resulted in a loss of viability due to experimental procedure, but at an increased rate with nano-C 60 . The toxicity of higher concentrations of nano-C 60 to bacterial cells also could be detected by the cell's CO 2 production, an indicator of cell metabolism (Fig. 3) . The effect of nano-C 60 addition was delayed a few hours for both E. coli and B. subtilis. At lower concentrations of nano-C 60 , the cells respire almost normally and are able to grow at the same or nearly the same rates as the controls. At 4.8 mg/L nano-C 60 , CO 2 production decreases dramatically after a few hours, signaling that the cells prematurely are ceasing respiration in comparison to the controls.
Both Gram-positive and -negative bacteria were affected by nano-C 60 , with the MICs and MBCs of nano-C 60 in E. coli and B. subtilis being in the same order of magnitude. These can be compared to the MIC/MBC for carboxyfullerene with Gram-positive streptococci and staphylococci [32] . Carboxyfullerene had an MIC around 5 to 50 mg/L and MBC of 50 to 200 mg/L with Gram-positive bacteria. In that study, Gramnegative bacteria were impervious to the carboxyfullerene. The EC50 of nano-C 60 , as tested on V. fischeri, was 1.08 mg/L. In comparison, the EC50 determined by Microtox for paraquat is 603 mg/L [34] , and the EC50 for benzene is 2 mg/L [35] . This indicates that nano-C 60 has a slightly higher toxicity than benzene, but care needs to be taken when interpreting the numbers for toxicity. Although the toxicity of nano-C 60 is expressed in mg/L, the actual exposure is much less, because the C 60 is in aggregate form and, thus, most of the mass is not available to the cell. The C 60 almost definitely is the causative agent of toxicity, because the levels of other potentially contaminating compounds, such as tetrahydrofuran and benzene, are too low to be toxic. Analysis of the impact of nano-C 60 on human dermal fibroblasts shows toxicity, with a median lethal concentration of 0.02 mg/L [33] . In contrast, 14 C-labeled nano-C 60 associated with human keratinocytes but did not exhibit toxicity [27] .
Several factors mitigate the toxicity of nano-C 60 . The main factor that will influence toxicity in the environment is the salt and protein concentration. Increasing salt concentrations led to increasing size ranges of the nano-C 60 particles (Table 1 and Fig. 1 ). Because nano-C 60 has a negative zeta potential, it could be that salt ions cause the particles to aggregate. Proteins, such as those found in LB, also contribute to the nano-C 60 particles clinging together. The medium that most increased the size of nano-C 60 particles, due to either high protein or salt content, led to the loss of nano-C 60 toxicity. We speculate that the increase of nano-C 60 particle size or the aggregation of the nano-C 60 particles resulted in the loss of nano-C 60 bioavailability and, thus, toxicity. Due to the change of nano-C 60 particle size with changes in salt concentration, the choice of medium for the toxicity experiments was important. The minimal Davis medium would facilitate growth of organisms but not drastically alter the size of the nano-C 60 particles. However, because the salt concentration was low, growth was slower than in regular Davis medium. In soils and water, the amount of salts, proteins, and other agents might similarly affect the toxicity of nano-C 60 .
Another factor affecting toxicity is the association of nano-C 60 with bacterial cells. A strong association exists between the bacteria and nano-C 60 particles, such that repeated washing failed to remove associated nano-C 60 particles. In the experiment measuring the removal of nano-C 60 from suspension by bacteria, special care was taken to change filter membranes frequently to avoid clogging by bacteria and thus retaining the nano-C 60 particles themselves. The fact that the highest association was seen with the lower bacterial concentrations demonstrates that membrane fouling probably was not contributing to nano-C 60 retention. Interestingly, there is a difference between the amount of nano-C 60 removed by E. coli versus B. subtilis that is mirrored by the amount of association observed. The amount removed by E. coli was an order of magnitude more than that removed by B. subtilis. Similarly, the amount accumulated by E. coli was around an order of magnitude higher than that accumulated by B. subtilis. Gramnegative E. coli have a sticky lipopolysaccharide layer outside the cell wall, which may explain the increase in nano-C 60 association as compared to the Gram-positive B. subtilis. It was observed that the amount of biomass in the initial inoculum into nano-C 60 changed the toxicity results. No toxicity was observed with high concentrations of inoculum, but a low inoculum would result in toxicity while nano-C 60 -free controls grew normally. This threshold was not calculated; however, perhaps with a low biomass, there is enough nano-C 60 per bacterial cell to kill the cell or keep it from dividing. With a high biomass, the available nano-C 60 particles quickly associate with the bacterial cells and then cannot act on the other cells. Thus, the other bacteria are not exposed to nano-C 60 and are able to grow freely. In an environmental system, nano-C 60 might associate quickly with bacteria and thus not affect a wide area. The specific bacteria in a microbial community also may affect the association.
Derivatization of the fullerene also will affect its toxicity. In most of the toxicity experiments, C 60 (OH) [22] [23] [24] [25] [26] was included as another form of C 60 . This fullerene derivative has 22 to 26 hydroxyl groups per C 60 molecule and is water soluble. Interestingly, C 60 (OH) [22] [23] [24] [25] [26] did not demonstrate the same toxicity seen with nano-C 60 . The absence of toxic effect might provide a method for detoxifying nano-C 60 , because hydroxylating C 60 is accomplished easily. Other research has shown that the higher the derivation of the fullerene, the less toxic it is to human dermal fibroblasts [33] . Derivatization of fullerenes presents itself as an attractive remediation strategy.
CONCLUSION
The behavior of nano-C 60 in the environment needs to be evaluated further so that a realistic approach to C 60 manufacture and distribution can be developed. The first step might be using small-scale experiments to monitor nano-C 60 behavior in environmental systems, including using polymerase chain reaction to track the bacterial community in soil before and after exposure to nano-C 60 . Tracking the movement of nano-C 60 through various soils and the effect of the nano-C 60 on the soil microbiota would help assess any hazard that C 60 presents.
The mechanism of toxicity was not addressed in this study. The authors propose three hypotheses: Nano-C 60 disrupts electron transport, nano-C 60 punctures bacterial membranes, or nano-C 60 produces radical oxygen species that are toxic. The C 60 's displaced electron cloud allows it to gain or lose electrons easily. Therefore, it is feasible for nano-C 60 , which presumably would share similar properties, to attract electrons away from the electron transport chain. It has been shown in other research that carboxyfullerene punctures the membranes of some Grampositive bacteria but not Gram-negative bacteria [32] . Three reasons explain why this mechanism may not apply to nano-C 60 . First, nano-C 60 was toxic to both Gram-positive and Gramnegative bacteria. Second, in a pilot experiment, nano-C 60 was not observed to puncture phosphatidylcholine liposomes (data not shown). Finally, a 100-nm nano-C 60 particle would be too large to puncture a 1-m bacterium. Nano-C 60 is expected to produce singlet oxygen, which could lead to other reactive oxygen species that damage a bacterial cell. In this research, the presence or absence of light had no impact on toxicity, implying that singlet oxygen may not be responsible. Until the mechanism behind toxicity is known, nano-C 60 and C 60 compounds in general need to be handled delicately.
